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Abstract
A search for the decay KS ! pi0 e+ e− has been made using the NA48 detector at the
CERN SPS. Using data collected in 1999 during a 40-hour run with a high-intensity
KS beam, an upper limit for the branching fraction B(KS ! pi0 e+ e−) < 1.410−7
at 90% confidence level has been obtained.
1 Introduction
Decays of KL mesons into 
0ll are of considerable interest due to their sensitivity
to direct CP violation [1]. However, in 0e+e− decays both CP conserving and indirect
CP violating amplitudes also contribute. The CP conserving contribution to this decay
process can be obtained by measuring the low mγγ component of the decay KL ! 0γγ.
The contribution to the branching ratio B(KL ! 0 e+ e−) is  4 10−12 [2]. The direct
and indirect CP violating (CPV) contributions interfere, and their contribution to the
branching ratio can be written as [3]:









where t = V

tsVtd is the relevant combination of CKM matrix elements which describe
the short distance CP violation. The parameter aS describes the strength of the indirect
CP violating component in the KL ! 0 e+ e− decay, and is related to B(KS ! 0 e+ e−)
via [3]:
B(KS ! 0 e+ e−) = 5:2  10−9 a2S:
According to dimensional analysis in chiral perturbation theory, aS  O(1). The NA31
experiment obtained the upper bound B(KS ! 0 e+ e−) < 1:1 10−6 at 90% condence
level [4]. A more precise measurement of this mode is clearly important to place a bound
on the indirect CP violating term in the KL decay.
2 Experimental setup
The measurement was carried out using the NA48 detector at the CERN SPS,
designed primarily to measure direct CP-violating eects in neutral kaon decays into two
pions using simultaneous KS and KL beams. For the KS ! 0 e+ e− search described
here the KL beam, normally present for the direct CP violation studies, was suppressed
and the intensity of the KS increased by a factor of  200. The KS beam was produced
by 450 GeV/c protons, extracted from the accelerator during a 2.4 s spill every 14.4 s,
and delivered to a 2 mm diameter, 400 mm long beryllium target at a production angle
of 4.2 mrad in the vertical plane. The target was followed by a sweeping magnet and
a set of collimators which dened a narrow beam of neutral particles, containing K0
mesons and hyperons. The KS beam angle was 0.6 mrad with respect to the symmetry
axis along the beam pipe. The ducial volume began about 6 m downstream of the KS
target and was contained in an evacuated steel cylinder about 89 m long and 2.4 m
in diameter. The cylinder was closed at the downstream end by a polyimide (Kevlar)
composite window and followed immediately by the main NA48 detector. A detailed
description of the experimental layout can be found elsewhere [5].
The sub-detectors used in the investigation of KS ! 0 e+ e− decays consists of:
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a spectrometer composed of two drift chambers on either side of a dipole magnet; seven
anti-counter rings of iron and plastic scintillator for vetoing photons outside the calorime-
ter acceptance; an electro-magnetic liquid-krypton calorimeter; a hadronic calorimeter
and an arrangement of scintillators behind steel absorbers for detecting muons. The
electro-magnetic calorimeter was used to measure energies, times and positions of electro-
magnetic showers. The momenta and positions of charged particles were measured using
information from the drift chambers. The beginning of the decay region was dened by
an \anti-KS" counter (AKS), formed by scintillators
1) placed in the KS beam at the exit
of the collimator. For this high-intensity run, the AKS was used as a charged particle veto
counter.
The present analysis is based on data recorded during a 40-hour run in 1999 with
an intensity of  6 109 protons per pulse on the KS target.
The calibrated analogue sums of the electro-magnetic calorimeter cells were sent
by the readout to the neutral trigger [6]. Horizontal (x) and vertical (y) projections of
the calorimeter data were formed. These projections were then used to reconstruct the
total energy E0 deposited in the electro-magnetic calorimeter, the radial position C of
the centre of energy of the event, the proper decay time  (in units of the KS lifetime S
measured from the AKS counter), and the number of energy peaks in x and y. Events
were selected by the trigger if they satised the following conditions:
max(nX ; nY )  8; E0 > 50 GeV; C < 15 cm; =S < 5
where nX and nY are the number of peaks in x; y projections. In addition, an energy
deposit of less than 10 GeV in the hadronic calorimeter and a minimum of one track
reconstructed online were required.
About 4000 events per burst were selected by this trigger, representing 24% of the
total trigger rate. About 80% of the data were collected with no downscaling, and the
rest with a downscaling factor of two. This trigger was used to select KS ! 0 e+ e− and
KS ! 0 0D ! γγe+e−γ decays, the latter being the normalisation channel.
A detector simulation based on Geant 3.21 [7] was used throughout this analysis.
3 Data analysis
3.1 Event selection
To select KS ! 0 e+ e− candidates, all events satisfying the trigger and with at
least four electro-magnetic clusters, and two tracks making a vertex were further analysed.
For each event, all combinations of four clusters were considered. The following selection
criteria were applied to each combination:
1) the sum of the cluster energies had to be greater than 60 GeV and less than 190 GeV;
2) the energy of each of cluster had to be greater than 3 GeV and less than 100 GeV,
high enough to guarantee a good energy resolution and well above the detector noise
of 90 MeV per cluster;
3) each cluster had to be at least 6 cm from any other cluster in the event;
4) to ensure negligible energy loss, each cluster had to be more than 15 cm from the
centre of the beam pipe and more than 10 cm from the outer edge of the calorimeter;
the distance of each cluster from any calorimeter dead cells had to exceed 2 cm;
1) The AKS scintillators are normally preceded by an iridium crystal that was removed during this
high-intensity run to reduce the rate in the detector.
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5) for groups of four clusters satisfying these requirements, the event time was com-
puted from the average time of the selected clusters; all clusters had to be within
3 ns of the event time.
Furthermore, the following conditions were imposed on the events:











was constructed (Ei, xi and yi are the energy and position of the i-th cluster). Only
events where the value of cog was less than 10 cm were kept. Typically cog is less
than 5 cm for 20 events if no energy is lost;
7) to minimise the eect of background in time with the event, it was required that no
other cluster (i.e. not belonging to the combination considered) with energy greater
than 1.5 GeV was within 3 ns of the event time [5];
8) electron candidates were identied by requiring the cluster centres in the electro-
magnetic calorimeter to be within 1.5 cm of the expected position based on extrap-
olation of each track from the drift chambers;
9) for charged tracks, the ratio E=p of the energy measured in the calorimeter and the
momentum measured by the drift chambers was required to be between 0.9 and 1.1
for electron identication;
10) to maintain the highest detector eciency, it was required that events did not have
an overflow condition resetting the front-end readout buers within 312 ns of the
trigger time;
11) the momentum of each electron candidate had to be greater than 4 GeV/c;
12) the electron tracks were required to be separated by at least 2 cm in the rst drift
chamber. This criterion was eective in rejecting events in which a photon converted
in material before the magnet;
13) the track time was calculated from drift chamber information; to further reject
accidental activity in the detector, the time separation between any pair of tracks,
and between any track and its associated cluster in the calorimeter had to be less
than 10 ns;
14) to suppress decays into charged hadrons, the total deposited energy in the hadron
calorimeter was required to be less than 6 GeV;
15) events, with hits in the muon detector consistent with the extrapolation of tracks
from the drift chambers, were rejected if the muon detector time was within 4 ns of
the event time;
16) since the beginning of the ducial volume was dened by the position of the down-
stream scintillator of the AKS, an anti-coincidence between the event time and the
AKS time was required;
17) Among all the good combinations, the one with the closest mass to the nominal 0
mass and then the closest mass to the nominal KS mass was chosen.
This condition was accomplished in the following way. For each combination of
clusters and vertices that satised the requirements described above, 0 and K0
masses were computed. Candidate 0s were formed from the pair of clusters in
the electro-magnetic calorimeter with no associated tracks, taking the longitudinal
position of the ‘neutral vertex’, zneutral, as the kaon decay point. The zneutral was
dened using the kaon mass constraint as
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zneutral = zLKr −
√∑
i;j(i>j) EiEj [(xi − xj)2 + (yi − yj)2]
mK
where zLKr is the z coordinate of the calorimeter front face with respect to the
target; Ei(j), xi(j) and yi(j) are the energy and positions of the i(j)-th cluster, and
mK is the kaon mass. For electron tracks, the extrapolation from the drift chamber
before the magnet to the calorimeter surface was used in this calculation instead of
the actual cluster positions. The resolution of the neutral vertex reconstruction was
determined from simulation and is about 44 cm.
Kaon candidates were formed from the clusters associated with the neutral pion and
the clusters associated with the electron tracks, assuming the longitudinal position
of the ‘charged vertex’, zcharged, as the decay point. The x and y coordinates of the
charged vertex are found by extrapolating the positions of the two tracks before the
magnet to the position of zneutral. The average of the two measurements is taken as
the x-y vertex position. The z position of the charged vertex can be calculated using
the constraint that the kaon decay should lie on the line that goes from the target









(Ei, xi and yi are the energy and positions of the i-th cluster). For each track, the
closest distance of approach between this line and the track can be found, giving
two measurements of the z position which are then averaged to give zcharged;
18) the end of the ducial volume was dened as 4 s. The proper time of the decay,  ,
was determined from the energy and the longitudinal position of the ‘neutral vertex’
zneutral.
3.2 Background rejection
To reject background, further requirements were imposed. The invariant γγ mass
was required to be within 3 MeV/c2 of the nominal 0 mass, corresponding to about 2
standard deviations of the 0 mass resolution. The invariant mass of 0e+e− candidates
was required to be within 10 MeV/c2 of the nominal K0 mass, equivalent to about 3
standard deviations of the K0 mass resolution.
A potentially severe background mode is the decay KS ! 0D 0D, where both 0s
undergo Dalitz decays (0 ! e+e−γ) and one electron and one positron from dierent 0s
are lost. To reject events from this decay, the invariant masses me+γ1 , me−γ2 and me+γ2 ,
me−γ1 of electron-photon pairs were calculated for each event using the neutral vertex.
For each of the four mass combinations it was required that at least one combination
had jmeγ − m0 j > 30 MeV/c2. This cut rejected the bulk of this background, while
retaining virtually full acceptance for the signal. The distribution of me+γ1 versus me−γ2
for KS ! 0 e+ e− and KS ! 0D 0D decays is shown in Fig. 1. Using a simulation based
on 7  105 KS ! 0D 0D events it was calculated that less than 0.01 KS ! 0D 0D events
were expected to full the above requirements and be misidentied as signal candidates
in our data sample.
The main background to KS ! 0 e+ e− decays was found to be KS ! 0 0D decays
with one lost photon. The invariant mass of the electrons cannot exceed m0 = 135 MeV/c
2.
However, interactions in the detector such as bremsstrahlung and pair production, and the
misreconstruction of the two tracks partially result in some of these KS ! 0 0D events
being reconstructed with me+e− above the kinematic limit.
To reject this background, a sample of 3  107 KS ! 0 0D decays was simulated.
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No event with mee greater than 165 MeV/c
2 was found, and this cut was applied to our
data. Less than 0.15 events were then expected to remain in our data sample.
Other KS and KL decays which might fake KS ! 0 e+ e− decays have also been
considered and simulated. In particular, the contribution to the background from the
decays KL;S ! e+e−γγ, where the invariant γγ mass falls into the 0 mass window, and
from the decays KS ! 0D 0DD, where 0 undergo double Dalitz decay (0DD ! e+e−e+e−)
with one lost electron and one lost positron, were found to be negligible without the
addition of any further cuts.
3.3 KS ! 0 e+ e− acceptance evaluation
For the calculation of the KS ! 0 e+ e− acceptance, the matrix element for this
decay was derived using Chiral Perturbation Theory [3]:
A[K(k) ! (p)e+(p+)e−(p−)] = −e
2
mK2(4)2
W (z)(k + p)ul(p−)γvl(p+)
where k, p, p+ and p− are the four-momenta of the kaon, pion, positron and electron
respectively; mK is the kaon mass; W (z) is the electro-magnetic transition form factor,
with z = (k − p)2=mK2. As a consequence of gauge invariance, the form factor vanishes
to lowest order in the low-energy expansion in z and therefore can be represented as





2 ’ 2:5, mV being the vector meson mass in the Vector
Meson Dominance model [3]. The radiative corrections for nal state interactions have
been taken into account [8].
The geometrical acceptance for KS ! 0 e+ e− decays has been calculated to be
31%, while the overall acceptance after all requirements to be 7.6%. The sensitivity to the
exact form of W (z) was estimated by varying 1=rV
2 between 0.2 and 0.6 [2]; the overall
acceptance changed from to 7.2% to 8.1%.
The trigger eciencies for accepted KS ! 0 e+ e− and KS ! 0 0D decays have
been calculated from simulation to be 98.3% for KS ! 0 e+ e− and 99.7% for KS ! 0 0D.
For the latter decay, the eciency has also been directly measured from data and found to
be fully consistent with the estimates. Taking into account the trigger eciency of 98.3%,
the overall acceptance for KS ! 0 e+ e− decays was reduced from 7.6% to 7.5%.
Table 1 shows the acceptances, with the number of events and the expected back-
ground at dierent stages of the selection. The distributions of generated mee and the
relative acceptance for KS ! 0 e+ e− decays are shown in Fig. 2. The distributions of
reconstructed mee after mK cut and after meγ cut are shown in Fig. 3, for data and
simulation.
After applying all requirements, no KS ! 0 e+ e− candidate remained in the data
sample.
4 Normalisation
In order to determine the KS flux in the beam, the decay KS ! 0 0D was used for
normalisation because of its similar topology to the signal. Since both the signal and the
normalisation modes consist of 2-track events, uncertainties due to tracking tend to cancel
in the ratio of acceptances. Selection criteria identical to those used in the signal mode
were applied, with the following exceptions: events with at least ve clusters, instead of
four, were selected; no cut was applied to the invariant mass of the e+e− pair and of the
5
Requirement (KS ! 0 e+ e−) Events Expect. Bkg
(%) from data from MC
jmeeγγ −mKj < 10 MeV/c2 15.9 472 446
 < 4s 15.7 457 427
jmγγ −m0 j < 3 MeV/c2 15.3 23 23
jme1γ1; me2γ2 −m0 j > 30 MeV/c2 14.6 23 23
mee > 165 MeV/c
2 7.6 0 <0.15
Table 1: Summary of requirements applied. The acceptances  are evaluated from simu-
lated KS ! 0 e+ e− events. The number of events is from the data. The expected back-
ground takes into account the contribution from the relevant sources, such as KS ! 0 0D,
KS ! 0D 0D and KS ! 0 0, using the evaluated acceptances for these channels and the
estimated kaon flux. The background estimate is entirely limited by simulation statistics.
eγ pair. To select 0 candidates the neutral vertex was assumed to be the decay point;
the neutral vertex resolution for these events varied in the range of 42-46 cm depending
on the kaon energy.














where mγγ and meeγ are the invariant masses of the γγ and eeγ combinations; +;− are the
resolutions for the mass sum and dierence, measured from the data and parametrised as
a function of the lowest photon energy. This 2-like variable tests the agreement between
the invariant masses of possible photon pairs and the 0 mass. Although mγγ and meeγ
are correlated because of the constraint on mK in the zneutral denition, mγγ + meeγ and
mγγ − meeγ are, to a good approximation, uncorrelated. The requirement Rellipse < 3,
corresponding to about 50 , was applied to reject the events where the non-Gaussian
tails in energy resolution became more relevant.
The resolution of the invariant masses mγγ and meeγ was measured to be 1 MeV/c2
for both data and simulation.
Simulation studies showed that about 370 of the reconstructed KS ! 0 0D candi-
dates came from KS decaying before the AKS counter; these decays were not detected
because of the veto dead-time, measured experimentally to be about 10%. Similarly, about
1340 KS ! 0 0 decays where a photon converted in the AKS during veto dead-time
were reconstructed as KS ! 0 0D decays.
Another possible source of background came from KS ! 0 0 decays where a pho-
ton converted at the end of the AKS counter. Conversions occurring in the last 0:75 mm
of the downstream scintillator gave signals below the detection threshold and such con-
versions were therefore not vetoed. The number of such decays was estimated to give a
negligible contribution to the background.
The background from the decay KS ! 0D 0D with one bremsstrahlung photon, and
from the decay KS ! 0D 0DD with two lost electrons, were studied using simulation and
found to be negligible.
Other possible sources of background were considered, in particular those from KL
decays. KS and KL mesons were produced in the target with the ratio 1:1, but the large
KL lifetime considerably reduced the background from KL decays. From simulation, a
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rejection factor of 106 for KL ! +−0 and a rejection factor of 0:5  106 for KL !
000 were obtained, thus the background from these channels was also negligible.
The selection acceptance was 4.4%, determined from simulation where radiative
corrections [8] and trigger ineciency were taken into account. Using the cuts described
above, 77310 KS ! 0 0D decays remained after background subtraction.
Using the branching ratio B(KS ! 0 0D) = (7:43  0:19)  10−3 [9], the selected
KS ! 0 0D decays corresponded to a flux of KS in the ducial volume of 2:36 108. The
total KS flux was calculated to be 2:80 108 after taking into account the downscaling in
the trigger for part of the data.
The distributions of mee and Rellipse for KS ! 0 0D from data and from simulation
are shown in Fig. 4. These distributions have been corrected to take into account all
background sources.
5 Systematic uncertainties
The following sources of systematic uncertainties were considered:
1) variations of the selection cuts produced a change in the calculated flux of 1.5%;
2) the AKS active time varied from 92% to 88% depending on intensity; because it
aected only the background subtraction, this variation produced a systematic un-
certainty of less than 1%;
3) varying the cut-o applied to the energy of the photon emitted in radiative cor-
rections from 10 MeV to 5 MeV produced a dierence of less than 1% in the ratio
between the acceptances of signal and normalisation channel; not using the radia-
tive corrections produced a variation in the single acceptances of about 10% but the
variation in their ratio was less than 2%;
4) varying the coecient of the linear expansion of the KS ! 0 e+ e− form factor by
0:4 0:2 corresponded to a change of 6% in the overall acceptance;
5) the uncertainty of 2.6% on the Dalitz branching fraction caused a systematic un-
certainty of the same amount.
Other possible sources of systematic uncertainty were studied but found to have a
negligible impact on the result. The loss due to the cut on events accidentally in-time
has been evaluated to be about 1.5%, but is symmetric to rst order between signal and
normalisation channel, and the size of the eect can therefore be considered negligible.
The dierence in the trigger acceptance for Dalitz decays as measured from real data and
from simulated events also caused a negligible eect.
The overall uncertainty has been estimated to be 7% and has a negligible eect on
the result [10].
6 Result and Conclusion
No event satisfying all the KS ! 0 e+ e− requirements was seen. The signal ac-
ceptance was calculated to be 0e+e− = 7.5%, assuming the matrix element W (z) ’
1 + z=rV
2 = 1 + z=2:5 as described above [3]. Using the KS flux of 2:36  108, and a
value N0e+e− = 2.44 for the number of events, corresponding to a condence level of 90%
when no events are seen [9], an upper limit was found for the branching ratio of the decay
KS ! 0 e+ e−:
B(KS ! 0 e+ e−) = N0e+e−
(KS Flux) 0e+e−
< 1:4  10−7
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This limit is an order of magnitude below the previously published value [4], but
does not yet constrain usefully the parameter aS. This result is consistent with the one that
can be derived from the recently published limit B(KL ! 0 e+ e−) < 5:1  10−10 [11].
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Figure 1: Invariant mass distribution of one eγ pair versus the invariant mass of the other
pair. Shown are KS ! 0 e+ e− simulation (left), and KS ! 0D 0D simulation (right). The



































Figure 2: Distribution of generated invariant mass of the e+e− pair for simulated
KS ! 0 e+ e− events (left), and acceptance as a function of mee (right). The absolute







































Figure 3: Reconstructed invariant mass distribution of the e+e− pair after mK cut (left),
and after meγ cut (right), for simulation (solid line) and data (triangles) selected as




































Figure 4: Distribution of reconstructed invariant mass of the e+e− pair (left), and Rellipse
(right), for simulation (solid line) and for data (triangles) selected as KS ! 0 0D. The
simulation curves have been normalised to the data. The cut applied is shown.
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